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TO THE EDITOR
Human sebaceous glands are micro-
scopic, multi-lobular glandular structures
of the pilosebaceous units. Their holo-
crine secretion product, sebum, contains
a unique mixture of lipids, including tri-
glycerides, wax esters, squalene, choles-
terol esters, and free fatty acids (reviewed
in Zouboulis et al., 2003). Sebaceous
glands have been shown to contribute
to many skin functions (reviewed in
Zouboulis, 2004; Zouboulis et al., 2008),
but also are involved in the pathology of
acne and seborrhea. Sebum is species-
specific and acne is an exclusively human
disease. Using primary and immorta-
lized human sebaceous cells and mouse
models, many pathways were shown
to regulate sebaceous cell activities,
including signaling molecules, tran-
scription factors and growth factors
(reviewed in Smith and Thiboutot,
2008; Zouboulis et al., 2008).
To complement and extend the
current data and broaden studies of
human sebogenesis, we examined the
use of the human skin/severe combined
immunodeficient mouse model, origin-
ally developed by Juhasz et al. (1993);
see Supplementary Material online for
methods. In the course of our experi-
ments we observed that split thickness
human skin grafts (400 mm), originally
containing none or very few sebaceous
glands (Figure 1a and b), were filled
with numerous, fully developed glands,
secreting human sebum, within 3
months post-transplantation (Figure 1c
and i). To assure the validity of this
finding, multiple samples were col-
lected at different times post grafting,
and were compared with the original
split-thickness skins. Interestingly, grafts
examined within the first 10 days post-
grafting showed no sebaceous glands,
or the degeneration of transplanted
glands, shown as eosinophilic tissue,
void of nuclear material, and as
remnants of lipid aggregates within
the degenerated tissue (data not
shown). However, at week 3 post-
transplantation, small islands of seba-
ceous cells were first documented
close to the epidermis (Figure 1d),
with a gradual increase in gland size
at weeks 5–12 (Figure 1e and f). At
7–8 weeks the sebaceous glands were
fully formed. The regenerated glands
were shown to express epithelial mem-
brane antigen (Figure 1g), a specific
marker of human differentiated sebo-
cytes (Latham et al., 1989). Sebaceous
cells loaded with lipid granules were
visualized by Oil Red O staining as
early as 18 days post-transplantation,
and in the mature glands (Figure 1h).
The glands produced human sebum-
specific lipids, specifically squalene,
and wax esters, as shown by high-
performance thin-layer chromatogra-
phy (HPTLC, Figure 1i). An identical
high-performance thin-layer chromato-
graphy profile was documented from
glands isolated before transplantation,
and from punch biopsies of the grafts
(not shown).
We used Ki67 to identify actively
proliferating cells. Before transplanta-
tion, a subpopulation of Ki67þ (cycling)
cells was observed in the epidermis,
hair follicles, and sebaceous gland
(Figure 2a) of the human skin samples.
In contrast, between days 3 and
10 post-grafting the cells in the graft
were quiescent, with no detectable
Ki67 expression (Figure 2b) possibly
caused by insufficient vascularization,
which could contribute to the degen-
eration of the few transplanted glands.
By 15 days, almost all cells within
the lower epidermis and the outer
root sheath showed Ki67 staining
(Figure 2c and d) with most seen
at 28 days, (Figure 2e), coinciding with
sebaceous gland regeneration. At 60
days and thereafter, Ki67 staining was
similar to that of normal human skin
(Figure 2f).
In an attempt to understand the
origin of the developing sebaceous
glands, we examined expression of
human stem cell markers in the trans-
planted tissues. Keratin 15 (K15), ori-
ginally identified as a human and
mouse hair follicle stem cell marker
(Lyle et al., 1999) was found to
co-localize with the regenerating se-
baceous glands (Figure 2h). K15 cells
were shown to generate murine sebac-
eous glands in vivo (Morris et al., 2004)
and human sebaceous cells in vitro
(Roh et al., 2008). Before transplanta-
tion, K15 was expressed in the basal
layer of epidermis, outer root sheath,
the basal layer of the mantle, and the
apical part of the sebaceous gland,
leading into the sebaceous duct (Figure
2g). At 2–15 days post-transplantation,
K15 expression was retained in the
deep rete ridges of the epidermis and
the upper portion of the hair follicle. By
day 28, the time of active cell-cycling
and formation of sebaceous glands,
multilayered aggregates of K15-expres-
sing cells were seen at the apical part of
the sebaceous glands, possibly repre-
senting sebaceous or ductal precursors
(Figure 2h). At the time sebaceous
glands were fully developed (3–5
months post-transplantation), K15 ex-
pression was similar to that of the tissues
before transplantation (not shown). Co-
localization of K15-positive cells with
the developing sebaceous glands is not
sufficient to confirm that these K15-
positive cells are sebaceous progenitors;
more detailed studies are needed to
conclusively elucidate the role of multi
potential K15-positive cells in human
sebaceous gland formation and main-
tenance.
Although organ regeneration is rare
in mammals (e.g., liver in man), the full
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Abbreviations: HPTLC, high-performance thin-layer chromatography; K15, keratin-15
hair follicles and the sebaceous glands
regenerate following wounding in both
animal models (rabbits and mice)
(Breedis, 1954; Billingham and Russel,
1956; Ferraris et al., 1997; Ito et al.,
2007) and in humans (Kligman and
Strauss, 1956; Ackerman et al., 2001).
Moreover, sebaceous glands that
develop in utero and diminish after
birth, regenerate at adrenarchy and
puberty, presumably under the influ-
ence of androgens (Zouboulis et al.,
2003). Apparently, the transplantation
of an intact piece of human skin and the
creation of a wound healing environ-
ment provides sufficient and possibly
similar stimuli for sebaceous gland
development and growth in the human
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Figure 1. Regeneration of sebaceous glands in human skin xenografts. (a) Full-thickness human facial skin (in composite images); yellow line marks dermatome
shaving at 400 mm. (b) Representative split-thickness (400 mm thick) section of human facial skin (in composite images), before transplantation. (c) De novo
formed sebaceous gland (in composite images), 3 months post-grafting, using the skin from the same donor as shown in a. (d–f) Increasing sebaceous glands size
at 3, 7, and 16 weeks post-transplantation. (d) Dotted lines mark sebaceous glands. (g) Epithelial membrane antigen expression in the fully developed glands,
4 months post-transplantation. (h) Oil Red O staining of fully developed glands, 4 months post-transplantation. Bars¼ 400mm (a), 150mm (b and c), 100mm (d–f),
and 50 mm (g and h). (i) high-performance thin-layer chromatography analysis of human sebaceous lipids from isolated glands. Ch¼ cholesterol,
T¼ triglycerides, WE¼wax esters, ChE¼ cholesterol esters, Sq¼ squalene.
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skin/severe combined immunodeficient
model.
The experimental system described
herein should be a valuable tool to
advance our understanding of sebac-
eous gland biology, to help identify
factors that stimulate regeneration of
the sebaceous gland and to be used for
the identification of agents that regulate
human sebogenesis.
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Figure 2. Ki67 and K15 expression during sebaceous gland regeneration. (a) Sparse Ki67 labeling of
epidermal cells and sebaceous glands before transplantation. (b) At 10 days the cells in the graft are
quiescent. (c and d) By 15 days the Ki67-expressing, proliferating activity is renewed. (e) At 28 days the
developing sebaceous cells are all actively proliferating, expressing Ki67. (f) At 120 days, Ki67 expression
is as before transplantation. (g) K15 expression before transplantation. (h) At day 28 an increased intensity
of K15 staining in a close association with the apical end of the sebaceous gland. (g and h) Dotted lines
mark sebaceous glands. Bar¼ 50mm.
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